Sodium silicate intergranular films (IGF) in contact with the [0001] basal plane of a-alumina were studied using the molecular dynamics computer simulation technique. The results were compared to previous simulations of calcium silicate and sol-gel silica IGF's in contact with alumina. An ordered, cagelike structure was observed at the interface. Sodium ions segregated to the cages at the interfaces. Calcium and hydrogen ions were also observed to segregate to the cages in the previous simulations. The modifier ions were surrounded by more oxygen ions in the cages at the interface than in the bulk of the IGF. This explains the segregation of modifiers at the interface. Interface energy decreased as the sodium content of the IGF increased. Interface energy decreased faster as a function of Na 2 O content than as a function of CaO content. However, interface energy decreased slower as a function of Na 1 content than as a function of Ca 21 content.
I. INTRODUCTION
Polycrystalline aluminas have widespread applications as optical, structural, and insulating materials. 1, 2 With the use of proper additives, high purity alumina products can be sintered until nearly pore-free, and thus translucent and strong. The Lucalox ® process uses MgO as an additive to produce envelopes for sodium vapor lamps. 3 In the absence of these additives, commercial alumina powders undergo anisotropic and often abnormal grain growth during sintering. Anisotropic grain growth refers to growth of grains with a large aspect ratio as opposed to equiaxed grains. This occurs when certain crystallographic planes grow faster than others do. Higher grain growth rates for certain planes can be due to relatively low interfacial energies for those planes providing a higher driving force for growth or lower activation energies for growth.
Abnormal grain growth refers to the presence of very large grains growing in a matrix of grains orders of magnitude finer. This occurs when the growth rates of certain grains are orders of magnitude larger than the growth rates of other grains. Under these conditions, grain boundary mobility often exceeds pore mobility, resulting in trapped pores in the final product. Abnormal grain growth is thus detrimental to the optical and mechanical properties of sintered materials.
Impurities such as Si, Ca, and Na are present in commercial alumina powders unless strict measures are taken to avoid them. 4 Since these elements have a very low solubility limit in alumina, they tend to segregate to intergranular regions to form (intergranular) glassy films (IGF) during sintering. [3] [4] [5] [6] [7] [8] [9] [10] 12, [14] [15] [16] [17] [18] [20] [21] [22] [23] [24] [26] [27] [28] [29] [30] [31] The interface energies of alumina in contact with these glassy phases are not well known. Handwerker et al. observed a widening of the IGF-IGF dihedral angle as the local concentrations of Si and Ca impurities increased. This indicates that increasing the concentrations of these impurities reduces the interfacial energies. 32 Faceting of low energy planes suggests either significantly lower interfacial energy for these planes as compared to adjacent planes that do not facet, or significantly slower growth for these planes. Several authors have observed faceting of predominantly basal [0001] planes and other low index planes such as ͓1120͔ and ͓1010͔ in contact with glassy phases of various compositions. 14, 15, 18, [20] [21] [22] 30, 31, 33 Furthermore, anisotropic and abnormal growth of these faceted grains were reported in several studies. Bae and Baik determined critical concentrations of silicon, calcium, and mixtures below which no anisotropic or abnormal grain growth was observed. Samples doped only with Si at greater than 300 ppm exhibited abnormal grain growth. Doping with only Ca at 30 ppm or greater produced the same effect. For codoping of Si and Ca, intermediate concentration limits were observed. These concentrations correspond approximately to the solubility limits of these impurities in alumina. The presence of an IGF was found to be necessary for abnormal growth to occur. They concluded that anisotropic and abnormal grain growth in alumina is an extrinsic phenomenon, requiring the presence of impurities to occur. 5 Handwerker et al. reported "gross chemical inhomogeneities" on the micron scale and observed more abnormal grain growth in regions with high concentrations of Si and Ca. The inhomogeneities were attributed to variations in composition of the starting powder. 12 Bae and Baik used higher purity starting powders and dispersed Si and Ca uniformly in the work discussed above. Thus, starting powders containing impurities below their solubility limits could still exhibit abnormal GG if the impurities are not uniformly dispersed.
To gain insight into the effect of impurities on the atomistic structure and interface energy of alumina grain boundaries, we have performed molecular dynamic simulations of calcium and sodium silicate IGF's between a-alumina crystals. Since faceted [0001] planes are predominantly observed on anisotropic and abnormal grains in experiments, we have placed the lowest energy Al-terminated [0001] surfaces in contact with the glassy IGF's for these simulations. Molecular dynamics simulations have been used extensively to provide atomistic interpretations of glass and crystal structures and properties. [34] [35] [36] [37] [38] [39] [40] [41] By applying a suitable interatomic potential function and solving Newton's classical equations of motion iteratively, atomistic structure and motions are simulated.
Blonski and Garofalini have reported simulations of a-and g-alumina surfaces, 40 silica-alumina interfaces, 41 and calcium silicate-alumina interfaces. 38 They found that the basal [0001] plane of a-alumina had lower surface energy than the ͓1120͔ and ͓1100͔ surfaces, in agreement with other theoretical work and extrapolation of experimental data. 40 Simulations of the formation of a silica-alumina interface by polymerization of liquid silicic acid in contact with a-alumina basal planes showed the formation of an ordered cagelike structure in the interface region. Al-O-Si bonds formed perpendicular to the surface, with the remaining three Si-O bonds approximately parallel to the interface, forming canopies. Water formed during the condensation of the silicic acid molecules was removed during the simulations, but some hydrogen ions remained. These hydrogen ions segregated preferentially to the cages. Some silicon ions also occupied the cages, bonded directly to oxygen atoms on the alumina surface. 41 This ordered cagelike structure was also observed in model IGF's formed from random stoichiometric silica and calcium silicate mixtures in contact with unrelaxed [0001] a-alumina surfaces. Calcium ions preferentially segregated to the cages. However, this effect saturated at higher concentrations as many Ca ions remained in the glass despite available sites at the interface. Some silicon ions occupied cages, but only in glasses of low or no calcium content. The presence of silicon in the cages resulted in a less-ordered structure at the interface. Interface energies decreased with increasing calcia content, becoming negative at high concentrations. Interface energies also decreased with increasing IGF thickness when calcia was present, but not significantly for pure silica IGF's. These results suggested that the presence of calcia in the IGF would result in a driving force for grain growth, since the thicker IGF's of three-grain junctions would be energetically favorable to thinner IGF's in grain boundaries, especially at high calcium concentrations. Thus grains would grow to reduce the overall grain boundary volume and increase the overall triple point volume. 38 This paper compares previously reported simulations of calcium silicate IGF's in alumina 38 to simulations of sodium silicate IGF's. As discussed above, a cagelike structure formed at the interface in the presence of small, singly charged H 1 ions, large doubly charged Ca 21 ions, and with no impurities. Na 1 was chosen since it is a common impurity in alumina powders. Since Na 1 has a similar ionic radius and half the charge of Ca 21 , these simulations demonstrate the effect of reducing the cation field strength of the impurity ion on the structure and energy of the interface. The sodium systems provide a means to determine if the interface energy scales as a function of the number of occupied cage sites at the interface or as a function of the amount of charge accumulated at the interface.
II. COMPUTATIONAL PROCEDURE
A multibody potential of the form
was used to describe the interactions between ions, where V BMH ij refers to the modified Born-Mayer-Huggins (BMH) pair potential term, and V jik refers to the threebody term.
The modified BMH two-body interactions are calculated as follows:
Optimal values of the parameters A ij , b ij , and r ij for each pair type were determined in previous work 37, 38, 40, 42 and are listed in Table I . r ij represents the separation distance between ions i and j. The full charges of the ions (z i and z j ) were used in this potential. e represents the elementary charge. The pair potential function was taken as zero for ion separations of greater than 5.5Å. This is accomplished by the complementary error function (erfc) in the Coulomb term of the BMH potential, which is the second term in the above equation.
The three-body term is included to account for the partial covalency of Si-O and Al-O bonding. These interactions are calculated using the following formulae: 
.
The angular part, Q jik , is given by
for Si͞Al-O-Si͞Al and O-Si-O, and
for O-Al-O, where u jik is the angle formed by the ions j, i, and k with the ion i at the vertex. The first angular function listed above has a minimum at about 109 ± to promote tetrahedral coordination. The O-Al-O angular function has a broad minimum between 90 ± and 110
± and a second minimum at u 180 ± to allow for both tetrahedral and octahedral oxygen coordination of aluminum. The three-body potential parameters l ij , g ij , R ij , and u 0 jik used are listed in Table II , and were optimized in previous work. 37 This potential increases the energy of the system whenever the angle formed by a central atom and two of its covalently bonded neighbors deviates from the preferred angle, u 0 jik . There are no three-body interactions for Ca or Na ions, since the bonding for these ions is predominantly ionic.
Constant-pressure, constant-temperature ͑NpT ͒ molecular dynamics simulations were performed on four processors of the IBM RS/6000 Scalable POWERparallel system using an MPI-based implementation of our TABLE II. Three-body potential parameters.
program. Details of the molecular dynamics calculations were described previously. 41 To create the IGF systems, random mixtures of 0, 6, 12, 18, 24, and 30 oxide mol% Na 2 O in silica were generated. In the previous calcium silicate work, concentrations of 0, 12, 22, 32, and 41 oxide mol% CaO were studied. 38 The sodium silicate compositions were chosen to compare IGF's containing either the same number of modifier ions or the same total charge from modifier ions as in the previous calcium silicate work. To simulate IGF's of various thicknesses, samples containing 300, 450, 600, and 750 atoms of each composition were made. These random mixtures were placed between the lowest energy terminations of the [0001] basal plane of a-alumina. 40 This termination was accomplished by cleaving a crystal containing 1800 atoms between two aluminum layers. The surface Al layers consist of Al ions bonded to three oxygen ions in the oxygen layer below. Each surfacemost aluminum layer contains 30 aluminum ions in these simulations. Three-dimensional periodic boundary conditions are imposed on the system. Figure 1 shows the initial configurations of the pure silica, calcium silicate, and sodium silicate systems. Atom types are labeled in the figures.
To form a glassy IGF from the initial random mixture, simulations at 10,000 K and 5000 K were performed with an applied stress of 5 GPa perpendicular to the basal surface. All alumina atoms were immobilized at these temperatures to prevent melting of the crystal. The alumina atoms were allowed to relax at 300 K under the ambient pressure of 0.1 MPa. Each simulation was run for 10 ps using a time step of 0.2 fs. Nine room temperature samples of each composition and thickness were generated as shown in Scheme 1.
Interface energies ͑e AS ͒ were calculated from the formula:
where E SYS , E A , and E S are the total energies of the alumina/glass interface system, bulk alumina, and bulk silicate samples, respectively. Separate runs were performed at 300 K to find the energies of the pure bulk alumina and pure bulk silicate phases. A is the crosssectional area of the IGF sample. The factor of 2 in the denominator accounts for the presence of two interfaces in the system.
III. RESULTS
The ordered cagelike structure previously observed in simulations of silica and calcium silicate interfaces with alumina 38 was again observed in the sodium silicate simulations. Figures 2 and 3 show the evolution of the interface structure at several stages of the heat treatment (Scheme 1). These figures were taken from the simulations of 600 glass atoms between the alumina surfaces, with compositions of 22 mol% CaO and 24 mol% Na 2 O, respectively. Labels in the figures indicate which spheres represent which atom types. The sizes of the spheres in these figures do not correlate to radii used in the simulations, but were chosen for the graphics to emphasize the features discussed forthwith. Bonds are drawn between aluminum and oxygen atoms that are within 2.5Å of each other and silicon and oxygen atoms that are within 2.0Å of each other. The initial configurations are shown in Figs. 2(a) and 3(a) . The topmost atoms of these basal alumina surfaces are rows SCHEME 1.
of aluminum ions. Initially, random mixtures of atoms were in contact with these surfaces, from which glasses formed during the heat treatment. [Figs. 2(d) and 2(e) and 3(d) and 3(e)], the trend of increasing modifier segregation and decreasing silicon concentration continued for the calcium silicate interfaces. However, silicon atoms were not removed from the interface as sodium segregation increased. The resulting calcium silicate/alumina interface at 300 K was thus more ordered than the sodium counterpart (Figures 2 and 3, f) . Si-O-Si bonds approximately parallel to the interface between column silicon atoms form the "canopies" of the cagelike structures in both systems.
Figures 4 and 5 show the final configurations (at 300 K after 30 ps at 10,000 K and 5000 K) for all show the variation of interface energy with modifier content in oxide mol% for the calcia and soda systems, respectively. Curves are shown for each quantity of intergranular phase investigated in terms of the number of IGF atoms in the simulation. The interface energies were averaged over the three samples of each concentration and size that had been held at 5000 K for 30 ps then quenched to 300 K for 10 ps, as indicated by the asterisk in Scheme 1. Identical scales are used in both plots. Direct comparison of these plots is done in terms of charge equivalents of modifier cations in the glass. Interface energy decreased as modifier content increased in both systems, becoming negative at high concentrations. Interface energy decreased faster as a function of Na 2 O content than as a function of CaO content. However, comparing Figs. 7(a) and 7(b) in terms of equal numbers of modifier cations in the glass, interface energy decreased faster as a function of Ca 21 concentration than as a function of Na 1 concentration. The functional dependence of interface energy on composition does not vary greatly with the number of atoms in the IGF. One exception is the 300 atom soda system, which showed a significantly slower decrease in interface energy with increasing soda concentration. 
IV. DISCUSSION
The Al-O-Si bonding at the interface resembles the column oxygen atoms in beta″-alumina. Several authors have observed beta″-alumina and calcium hexaluminate in triple points in contact with the basal alumina plane as devitrification products. 11, [43] [44] [45] Calcium hexaluminate is isostructural with beta″-alumina. Although the time required to simulate devitrification of a glassy phase is not computationally practical, the structure at the interface could be expected to nucleate the growth of these phases in sufficiently thick films, such as triple points.
The decrease in interfacial energy as modifier concentration increases (Figs. 6 and 7) is consistent with the experimental observation by Handwerker et al. 32 in that the dihedral angles widened as calcia concentration increased. As discussed in Sec. II, the interface energies were calculated from the differences between the internal energy of the interfaced systems and the bulk crystal and glass energies, normalized by the area of the interfaces. The internal energies of the bulk glass were for the initial glass composition. Since the interfaced systems are closed systems, segregation of modifiers to the interface reduces the modifier concentration away from the interfaces in the IGF. Lower modifier concentration glasses have higher bulk internal energies. Accounting for these changes in composition would shift the curves to higher energies, possibly to positive values for all systems. However, the trends in interface energy discussed herein would most likely be unchanged.
Figures 6(a) and 6(b) also indicate that the interface energy decreases as the thickness of the IGF increases. This trend saturates going from 600 to 750 atom IGF's, especially in the calcium silicate systems. For a given modifier content, the number of modifiers that segregated to the interface increased as the thickness of the IGF increased. This is as expected, since at a constant modifier content, there are more modifier ions in the thicker IGF systems. This trend also saturated at the highest IGF thickness. As segregation progresses, the probability of finding an available interface site decreases. More Na ions were observed to segregate to the interface sites as compared to Ca on an oxide mol% basis, since twice as many Na ions are available in the IGF. This explains the stronger effect of soda as compared to calcia on the interface energy.
The presence of silicon in the cage sites correlates to higher interface energies. Outliers on the interface energy curves in Figs. 6(a) and 6(b) such as the 450 atom 22 mol% CaO system and the 750 atom 18 mol% Na 2 O system have anomalously high numbers of silicon atoms in interface sites. The comparatively higher interface energies for soda systems on a cation mol% basis (Fig. 7) can be attributed to the larger number of segregated silicon atoms.
The relatively large decrease in interface energy going from 450 to 600 atoms in the calcium systems and from 300 to 450 atoms in the sodium systems (Figs. 6 and 7) can be attributed to strain energy reduction. No changes in the segregation trends were observed over the same intervals. Figure 8 shows the structure of the 300 atom IGF's for pure silica (a), 12 mol% CaO (b), and 12 mol% Na 2 O (c). Only 1-2 disordered tetrahedral layers separate the ordered interface cages. The IGF's are approximately 0.9 nm thick in these figures, including the ordered region. The mismatch between the ordered and disordered regions gives rise to significant strain energy. a-alumina crystallizes in the corundum structure, which consists of alternating double planes of Al atoms and single planes of O atoms perpendicular to the ͗0001͘ direction, as shown in the number density plot in Fig. 9(a) . Figure 9 Al ion has all six of its oxygen nearest neighbors. The planes of oxygen and aluminum ions shown in Fig. 9(b) are labeled in Fig. 9(a) . Aluminum ions occupy twothirds of the available octahedral sites in the corundum crystal structure, for charge neutrality. Figure 9(b) shows that one octahedral vacancy site exists for each two octahedral sites occupied by Al atoms. The lowest energy surface termination for the basal plane of a-alumina 40 is shown in Fig. 9(c) . This termination is accomplished by cleaving the bulk crystal between two Al planes, as shown in Fig. 9(a) .
Calcium, silicon, and sodium ions that segregate to the interface tend to occupy sites that would have been occupied by the aluminum atoms that are missing due to the surface termination. This is clearly shown in Figs. 10(a) and 10(b) , which represent sections approximately 3Å thick, parallel to the basal plane at the interface in the 12 mol% CaO and 6 mol% Na 2 O systems, respectively. Each of the topmost Al atoms in FIG. 9 . Number density profile and snapshots illustrating the corundum crystal structure and the a-alumina surface termination used in these simulations. The number density profile (a) shows that the structure consists of alternating oxygen layers and double aluminum layers along the ͗0001͘ direction. The filled and vacant octahedral sites in the bulk corundum structure are labeled in (b). One of the filled sites is vacated on forming the surface, as labeled in (c). Atom types are indicated in (c).
the layer shown is bonded to four oxygen atoms. Three of these bonds are to the crystal oxygen layer below, and the fourth is the column oxygen bond to the IGF, which is perpendicular to the basal plane, as discussed previously. The section is cut at a height normal to the interface just below the first crystal oxygen layer, and just above the column oxygen atoms, for clarity. Again, atom types are labeled in the figures. Each of the Ca, Si, and Na atoms in these figures occupy sites which correspond to missing Al atoms due to the surface termination. The IGF atoms sit farther away from the crystal oxygen layer with respect to the ͗0001͘ direction (out of the page) than the Al atoms do in the bulk structure. Figure 11 depicts interface sections at higher modifier concentrations. The ions marked V in Fig. 11 occupy the octahedral vacancy site in the a-alumina structure discussed previously. Cations were observed only in these sites in the higher concentration systems. This indicates that the termination sites are filled first as modifiers segregate, and are presumably lower energy sites than the vacancy sites. The sites marked S in these figures correspond to sites intermediate (laterally) to the termination sites and the vacancy sites. The number of cations in these positions also increases with modifier content. The observation of IGF atoms in these intermediate positions suggests that saddle-point sites are present at those positions. Recalling that at equal modifier oxide mol% there are twice as many Na as Ca atoms, the proportions of cations in each of the three sites discussed appears to be equivalent. The observation of multiple sites at the interface with varying energies suggests that the presence of cations of different sizes and field strengths could result in different interface structures and energies.
As mentioned above and shown in Figs. 10 and 11, more Si atoms were present in termination sites in the sodium systems than in the calcium systems. Both Ca and Na ions are surrounded by more oxygen atoms in the interface sites than in the IGF's, as shown in of Na atoms, respectively, profiled along the ͗0001͘ direction. The figures were generated from systems with the highest modifier oxide content and thickest IGF's, to assure that sufficient populations of ions were sampled in the IGF away from the interfaces. The peaks at each end of the plots represent the two interface regions. Ca ions had approximately 7 nearest neighbor oxygen atoms at the interfaces and 5 nearest neighbor oxygen atoms in the IGF. Na ions had just under 8 nearest neighbors at the interfaces and 6 nearest neighbors in the IGF. The higher coordination of Na at the interface compared to that of Ca is an artifact of the radius of the nearest neighbor shell used for each species. A larger nearest neighbor shell for Na is required for an accurate calculation of oxygen coordination in the IGF away from the interfaces. Using a nearest neighbor shell of 3.0Å for Na indicated a similar oxygen coordination to that of Ca at the interface but underestimated the oxygen coordination away from the interface. The higher oxygen coordination at the interface for both species explains the tendency of these ions to segregate at the interface to minimize the interface energy.
In contrast, the average oxygen coordination around Si atoms did not vary in either type of IGF moving from the interface region farther into the film, as shown in Fig. 13. Figures 13(a) and 13(b) show the coordination around Si in the calcium and sodium silicate IGF's, respectively. Si atoms were tetrahedrally coordinated with oxygen throughout the IGF's. These results indicate that Si should not have a tendency to segregate to the interface.
As discussed previously and shown in Figs. 2 and 3, Si atoms are observed in the cage regions at the interface during the highest temperature simulations for both systems. During the subsequent simulations at the intermediate temperature, a few silicon atoms were observed to continue to move into the interface cage sites in the pure and the sodium silicate IGF's. In the calcium silicate interfaces, calcium atoms replaced Si atoms during the intermediate temperature simulations. The higher cation field strength of the Ca 21 ion as compared to the Na 1 ion explains this disparity.
V. CONCLUSIONS
A cagelike interface structure previously observed in simulations of sol-gel silica and calcium silicate glasses in contact with basal planes of a-alumina was also observed in the present sodium silicate simulations. In these cage sites, sodium and calcium ions are surrounded by more oxygen atoms than in the bulk of the IGF. Thus, segregation of modifier ions to the interface region is energetically favorable. No increase was observed in the oxygen coordination around silicon atoms in the interface as compared to the bulk.
Calcium displaces silicon from interface sites at high CaO concentrations. However, silicon was observed to persist in the cage sites at high soda concentrations. On a modifier oxide mol% basis, the interface energy for sodium silicate IGF's decreased faster than for calcium silicate IGF's as modifier concentration increased. However, on a cation mol% basis, calcium had a stronger effect on the interface energy than sodium. These trends were attributed to the higher cation field strength of the Ca 21 ion as compared to Na 1 . Modifier ions occupied three sites at the interface. The primary site corresponds to the missing rows of aluminum ions due to the surface termination. Some Na and Ca ions segregated to a site that corresponds to the vacant octahedral sites in the corundum structure. Finally a few modifier ions were observed to occupy a site midway between the above two sites. It is postulated that this site corresponds to a metastable saddle point between the other two sites. Since multiple sites of varying energy are available at this interface, the interface structure and energy could be expected to be a function of the sizes and field strengths of the cations present in the IGF.
